Coherence peak effects in a superconductor induced by a thermal spin current are reported. We measured inverse spin Hall effects induced by spin injection from a ferrimagnetic insulator Y3Fe5O12 into a superconductor NbN using longitudinal spin Seebeck effects. In the vicinity of the superconducting transition temperature of the NbN, a large enhancement of the spin Seebeck voltage is observed, whose sign is opposite to that for the vortex Nernst effect, but is consistent with a calculation for a coherence peak effect in the superconductor NbN.
Superconducting spintronics is an emerging research field which explores new spintronic functions by combining superconducting and magnetic orders [1] [2] [3] [4] [5] . One of the key ingredients in the superconducting spintronics is generation of spin-polarized carriers in superconductors [6] . In conventional s-wave superconductors, a spinsinglet condensate does not carry spin angular momentum. However, thermally excited quasiparticles (QPs) can carry spin angular momenta even in s-wave superconductors [7] . It was theoretically proposed that spin currents due to the spin-polarized QPs are deflected by spin-orbit scattering to yield a charge imbalance along the Hall direction [8] , which can be detected using the technique of the inverse spin Hall effect (ISHE) [9] [10] [11] . A giant ISHE due to the QP spin current was indeed observed recently by electrical spin injection into an s-wave superconductor NbN in a lateral spin valve structure [12] .
A spin Seebeck effect (SSE) is one of the useful ways to generate spin current in magnetic heterostructures by applying a temperature gradient [13] . In bilayer systems made up of a ferro-or ferri-magnet (F) and a nonmagnetic metal (N), the SSE enables spin injection from the F layer into the attached N layer through a thermal spin pumping originating in a non-equilibrium spin dynamics [14] . Several theories have been proposed for the mechanism of the SSE [14] [15] [16] [17] . Adachi et al. formulated the SSE using the linear-response theory [15, 16] , where the spin current flowing across the N/F interface reflects spin susceptibilities of both layers and the interface s-d exchange coupling. The injected spin current into the N layer is converted into charge current by ISHE; the ISHE voltage arises in the direction of j s × σ, where j s is the spin current and σ is the spin-polarization vector of electrons in the N layer. Hence ISHE voltage may reflect the spin dynamics of spin-detection layers in SSE measurements according to the theory [15] .
In this study, we have investigated ISHE induced by SSE in a superconductor/ferrimagnet (S/F) bilayer comprising a superconductor NbN and a ferrimagnetic insulator Y 3 Fe 5 O 12 (YIG). We show that the generated ISHE voltage exhibits an anomalous enhancement just below the superconducting transition. The voltage enhancement can be attributed to a coherence peak effect [18] ; according to a theoretical calculation, singularity in the QP density of states at superconducting transition temperature (T c ) leads to an enhancement of spin dynamics [39] in full-gap superconductors. The coherence peak effects have been studied by measuring nuclear magnetic resonance [19] and ac conductivity [20, 21] , but the present results show that ISHE is a useful tool for detection of coherence effects in superconductors.
As a F layer, we chose a (111) YIG slab available commercially. A band gap of YIG is 2.85 eV much larger than ∼ 4 meV of superconducting gap of NbN [22] [23] [24] . Thanks to this energy difference, a superconducting proximity effect is negligible in our measurements [25] . The size of the YIG slab is as follows: the lengths along the x, y, and z directions are 2.0 mm, 6.0 mm, and 1.0 mm, respectively [see the xyz coordinate in Fig. 1(a) ]. The surface (xy-plane) of the YIG slab was mechanically polished, and then a 20-nm-thick NbN film was sputtered on it; here, the thickness is greater than the spin diffusion length of 7 nm reported for a NbN film [12] . For the sputtering, a pure Nb (5N) target was used in a mixture of argon and nitrogen gases at room temperature [26, 27] . The base pressure was better than 2.0 × 10 −5 Pa. The measurement of the SSE was performed using the longitudinal setup with a superconducting magnet [28] , where an external magnetic field (H) up to 9 T was applied along the x direction in the film plane [xyplane in Fig. 1(a) ]. The sample was sandwiched by two aluminum-nitride plates. The temperature difference ∆T along the z axis was applied using a chip resistance heater [ Fig. 1(a) ] and measured with a couple of type-E thermocouples. The ISHE voltage which arises in the y-direction due to ∇T (||z) was measured using a nanovoltmeter at each H value. As shown in Fig. 1(a) , a 30-nm-thick Cu film was deposited at ends of the NbN film, and ohmic contacts were made on the Cu parts for the measurement of ISHE voltage. To compare the ISHE voltage and the transport properties of the NbN layer under a temperature gradient, 4-wire resistance was measured under the same ∆T values. The resistance of the NbN layer was used also as a thermometer to determine the average sample temperature of the NbN layer under ∆T .
Resistivity, ρ, for the NbN/YIG bilayer measured without applying H nor ∆T is shown as a function of system temperature, T , in Fig. 1(b) . The magnitude of ρ is about 270 µΩcm at 300 K. ρ increases slightly as T decreases from 300 K, and suddenly drops around 11 K. The resistivity becomes zero below 10.5 K, signifying superconductivity of the NbN layer. T c is determined as the temperature where ρ becomes 95 % of the normal state resistivity ρ n . In the inset to Fig. 1(b) , the T dependences of ρ for a NbN/SiO 2 /YIG trilayer and a NbN/SiO 2 bilayer are also shown, where the thickness of the SiO 2 layer is 100 nm. The NbN films in NbN/SiO 2 /YIG and NbN/SiO 2 show similar T c : 11.7 K and 10.6 K, respectively.
In Fig. 2 , we show the experimental results of the SSE measurements, by plotting S ≡ V /∆T . Figure 2(a) shows the H dependence of S measured at 300 K, which is much higher than T c = 11.1 K. The observed H dependence of S is antisymmetric with respect to the magnetic field. By increasing H from zero, S gradually increases reflecting the magnetization in YIG [inset to Fig.  2(a) ], but is clearly suppressed by futher increasing H (µ 0 H > 0.1 T). This suppression of S is consistent with the typical SSE feature [28] ; magnon excitations responsible for SSE are suppressed by strong magnetic fields. The sign of S is consistent with the spin Hall angle of Nb [29] . As T decreases in the normal-state regime far above T c , the magnitude of S shows a maximum around 60 K and then decreases with decreasing T , as shown in Fig. 2(b) . [31] [32] [33] [34] [35] . When the H direction is reversed, the direction of the magnetic flux of vortices is reversed, and the sign of the voltage due to the VNE is reversed, consistent with the experimental results in Fig.  2(c) . Note that the sign of the VNE voltage is opposite to that of the spin Seebeck voltage, as shown in Figs.  2(a), (b) , and (c).
As T further decreases down to 4 K, which is much lower than T c , no voltage signal is observed even up to 9 T. At very low temperatures below T c , the zero-resistivity state persists up to 9 T, which means that vortices are strongly pinned in the NbN layer. Therefore, the voltage due to the VNE disappears in a mixed state at low temperatures [36] . The voltage due to SSE also disappears owing to the shunting effect due to the zero resistivity [37]. The disappearance of the ISHE voltage in the zeroresistivity state of the NbN is in stark contrast to a previous report on the giant ISHE induced by electrical spin injection into a NbN layer [12] . In our case, the voltage contact is ohmic, different from the non-ohmic contact in the previous report [12] , and charge neutrality in the superconductor can be achieved by the cancellation of the QP charge currents and supercurrents [38] .
To study SSE signals around T c in detail, in Fig. 3(a) , we show the T dependence of S around T c taken at µ 0 H = 0.15 T where µ 0 is the magnetic parmeability of vacuum. Here, ∆T is 1 K, and the sample average temperature shifts from the system temperature by about 1 K. The H value is so small that S is attributed simply to SSE. The positive sign of S in Fig. 3(a) is consistent with the ISHE due to the SSE observed in the normal state above T c [see Figs. 2(a) and (b) ]. Above 10.0 K, S is first constant and then decreases with decreasing T at 10.2 K. On the other hand, below 9.3 K, S is zero. In these two temperature regions, the T -dependence of S is consistent with that of ρ in NbN.
We found that, surprisingly, in a narrow temperature region 9.3 K< T <10.0 K, the magnitude of S is strongly enhanced [ Fig. 3(a) ]. At the same time, the magnetization M of YIG is almost unchanged in the entire temperature range as shown in Fig. 3(c) . The enhancement of S immediately below T c cannot be explained by VNE, but is attributable to ISHE induced by SSE for the following reasons. First, the H dependence of S at 9.5 K almost traces the M curve of YIG, as shown in Figs.  3(c) and (d) , indicating that the H dependence of S is relevant to the YIG magnetization. Second, the sign of the enhanced S signal is the same as that of the ISHE voltage induced by the SSE, but is opposite to that of the VNE voltage. Third, the enhancement of S is not observed in NbN/SiO 2 /YIG trilayer samples, where the SiO 2 layer blocks the transmission of spin currents from YIG to NbN, but VNE is still expected to appear. As shown in Fig. 3(e) , on the other hand, negative voltage signals in positive magnetic fields are observed in NbN/SiO 2 /YIG. S is almost linear with respect to H in the low-H regime, consistent with the VNE observed in the NbN/SiO 2 bilayer at similar temperatures shown in Fig. 2(c) .
Very recently, spin pumping into superconductors has been theoretically studied [39] , and the temperature dependence of the spin pumping efficiency was predicted to exhibit a pronounced coherence peak immediately below T c [40] . Following the theoretical approach of spin pumping into superconductors [41] , we have calculated the spin current injected into a superconductor due to the SSE in a superconductor/ferrimagnet (S/F) bilayer system. In the presence of ∆T between F and S layers, a spin current flows across the interface via SSE. Spin-flip scattering of QPs in the S layer takes place at the interface through the s-d exchange interaction with localized moments in the F layer, which accompanies a magnon excitation in the F layer. Making use of the BCS-Bogoliubov theory [18] and linear response theory for the fluctuation dissipation theorem [15, 16] , we obtain the spin current j s S/F flowing across the S/F interface with magnon excitation with the frequency ω q ,
where n(ω, T ) = 1/(e ω/kBT − 1) is the Bose distribution function, T F and T S are the effective temperatures of magnons and QPs, respectively, ∆ is the temperature-dependent superconducting energy gap, E is the QP energy measured from the Fermi energy, N S (E) =Re |E|/ √ E 2 − ∆ 2 is the normalized BCS density of states, and f (E) = 1/(e E/kBT + 1) is the Fermi distribution function of QPs in the S layer. The factor
represents a coherence effect of superconductivity for spin-flip scattering of QPs [18] .
In Fig. 4 , we show the numerical calculation of Eq. (1) for several values of ω q /∆ 0 . For comparison of the calculation with the enhancement of S observed experimentally [ Fig. 3(a) ], the normalized magnitude of the spin current |j s S/F (ω q , T )/j s S/F (ω q , T c )| is multiplied by ρ/ρ n , and plotted as a function of T /T c . Here, we used the values of T c = 11 K and ∆ 0 /k B = 2.08T c = 23 K where ∆ 0 is the superconducting gap at T = 0 for the strongly coupled superconductor NbN [43] . The temperature scale of ∆ is much larger than that of the magnon gap energy of YIG estimated to be gµ B µ 0 H/k B = 0.2 K at µ 0 H = 0.15 T, where g is the Lande's g factor (= 2.0 for YIG) and µ B is the Bohr magneton. Hence, we take into account the contribution only from low-frequency magnons in the calculation of Eq. (1). As shown in Fig. 4 , the calculated spin-current signal is strongly enhanced just below T c owing to the superconducting coherence effect, forming a coherence peak in the narrow T range below T c . For lower-frequency magnons ( ω q ≪ ∆), a larger peak is expected to be produced by the coherence factor F multiplied by the densities of states in Eq. (1) [18, 44] .
The experimental values for the SSE signal are calibrated asS ≡ V NbN/YIG − δsV NbN/SiO2/YIG /∆T , where the VNE signal multiplied by the adjusting parameter δs is subtracted from S [45] . The result for δs = 0.92 is plotted by filled circles in Fig. 4 . As seen in Fig. 4 , the temperature range where the enhancement of S observed experimentally is reproduced by the calculation; both experimental and theoretical results are largest at T ≈ 0.96 T c . The coherence-peak temperature in the calculation is a bit higher than that reported in a microwave conductivity measurement for Nb (0.8 ∼ 0.9 T c ) [46] . This may be because, in Fig. 4 , the normalized spin current |j s S/F (T )/j s S/F (T c )| is multiplied by the normalized resistivity ρ/ρ n which rapidly decreases to zero below T c . Since measured voltages are zero in the zeroresistivity state, the coherence-peak temperature shifts from T ∼ 0.9 T c expected in Eq. (1) to T ∼ 0.96 T c in Fig. 4 . The magnitude ofS enhancement is consistent with the theoretical calculation; compared to the normal-state values, the observed signal is enhanced by a factor of ∼ 2.5 at T /T c ≈ 0.96, and the enhancement in the calculation is ∼ 2 for ω q /∆ 0 = 0.005. The small discrepancy in the magnitudes between the experimental and theoretical results could be due to impurity spinorbit scattering, which may further enhance spin current owing to impurity vertex corrections [39] .
In summary, we found that inversed spin Hall voltage induced by spin Seebeck effects in a bilayer film comprising NbN and YIG layers is clearly enhanced in a narrow temperature range immediately below T c , exhibiting a peak structure. This enhancement appears only in NbN/YIG, not in NbN/SiO 2 /YIG or NbN/SiO 2 , where only vortex Nernst voltages whose sign is opposite to the inversed spin Hall voltages were observed. A theoretical calculation of the spin Seebeck effects reveals that a coherence peak effect in the spin Seebeck effects for superconductors in which low-frequency magnons are taken into consideration can be responsible for the anomalous enhancement of the spin Seebeck effects.
